“Calhoun 


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1976-03 


An analysis of the effect of a flight director on 
pilot performance in a helicopter hovering task 


Duffy, Timothy William 


Monterey, California. Naval Postgraduate School 
http://ndl.handle.net/10945/17659 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist sia Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

ia) LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 














Eases 5 p= (ow BR 
eat ea Sc : a: 


B q f# imamen Srnget 








CCE AOS 










POONA oLS OF lhe ErPPRCT OF A 
PLIGHT DIRECTOR ON PILOT PERFORMANCE 
IN A HELICOPTER HOVERING TASK 


by 
Timothy William Duffy 


March 1976 





PihesismeadyiSor : 


LAE BEE FENIAN: 





Approved for public release; distribution unlimited. 


1173109 





Uneiias savtsied 


SECURITY CLASSIFICATICN OF THIS PAGE (Mhem Deta Entered) 


ES a ES A DPS IE LORE GOTT, § Me oe es Cree har Peo? 200m. oe OR 


eS at ee = READ INSTRUCTIONS 
REPORT CUCUMEN TATION PAGE BEFORE COMPLETING FORN 


"REPORT MUNBER a i GOVT ACCESSION NO/ 3. RECIPIGRT'S CATALOG NUMBER 


| TITLE (and Subtirie) TYPE OF RFPORT & PERIOD COVERED 


















qa 


maeAnalysis of the Effect of a Placne Master's Thesis; 
Director on Pilot Performance in a March 1976 


Meticopter Hovering Task 6. FERFORHING ORG. REPORT NUMBER 


AU THOR(e) &. CONTRACT OR GRANT NUMBER(e) 













Timothy William Duffy 


AS, AL A RS RR RA SAI ARMM IRS EE ARIE TT a | 0 


9. PERFORMING ORGANIZATION NAME AND ADDRESS . PROGRAM ELEMENT, PROJECT, TASK 


AREA &@ WORK UNIT NUMGERS 
Naval Postgraduate School 


memeerey, California 93940 


Tl. CONTROULLING OFFICE KAME ANG AODRCESS - REPORT DATE 


Naval Postgraduate School March 1976 
Monterey, California 93940 eee 


Te. MONITORING AGENGY NAMES © ADORESa(M Cilierant from Controlling Olffee) . SECURITY CLASS. (of thle report) 


Naval Postgraduate School Unclassified 


Memeerey, Californie 93940 Ea, DUCK RSS FICATION/ DOWNGRADING 
cH 





16. DISTRIGUTION STATEMENT (of thie Report) 





Approved for public release; distribution unlimited. 


fi. DIST RISUTION STATEMERT (cf the ebetract entered {n Biock 20, if ctllorent free Faport) 









18. SUPPLEMENTARY NOTES 


a8. KEY WORDE (Continue on revorce tice If naceseary end identify by bloce number) 
Cockpit Display 
Mmelicopter simulation 
Hover Task 
mright Director 
fee} Ot Performance _ 
20. ABSTRACT (Continues on reverses ola if necasnery ed identify by block number) 

A fixed-base simulator evaluation of a flight director 
for maintaining longitudinal control of a helicopter in the 
hover mode of operation was made. Test subjects performed 
ninety-second precision hovering tasks utilizing two cockpit 
displays. The second display differed from the first only 
Byethe additven on the f£lieht director indicator. The 

helicopter and each display were simulated on a hybrid 


pe es is Hees a We GFT Vala ik bw * Ye, te ~ = SFL ST, CE Lo EY a 








= 


FORM 
RD , ping: 1672 eaiTion OF | NOV 68 1S OMSOLETE 


(age )) S/N 0102-014* 6601 | 








Dneldcsiried 


SECURITY CLASSIFICATION OF THIS PAGE (When Daia Entered) 





inane 


$ETURITY CLASSIFICATION OF THIS PAGE MAN Deta Frterad 








computer. The hovering task consisted of minimizing root 
mean square longitudinal and vertical deviation from an 
initial equilibrium position. Root mean square performance 
data and numerical pilot opinion ratings were obtained. 
These data indicated significant improvement in performance 
when the tlightdivectonum abet uti lized, 





ah A ae 


DD ; Form, 1473 , — 
S/N 0102-014-6601 SECURITY CLASSIFICATION OF THIS PAGE(Wher Data Entered) 





An Analysis of the Effect of a 
Flight Director on Pilot Performance 


in a Helicopter Hovering Task 


by 


Timothy William Duffy 
Lieutenant, United States Navy 
B.Swyeumited States Naval Academy, deen 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTERMORS SCIENCE INBAERONAUMd TCAD ENGINEERING 


from the 


NAVAL POSTGRADUATE SCHOOL 
March 1976 





ABSTRACT 


A fixed-base simulator evaluation of a flight director 
for Maintaining Loneltdemmeal Gontr,ol ot a helicopter inure 
hover mode of operation was made. Test subjects performed 
ninety-second precision hovering tasks utilizing two cock- 
poet displaysm@uthe second display differed from the first 
emily by the addition of the flight director indireator, 

The helicopter and each display were simulated on a hybrid 
computer. The hovering task consisted of minimizing root 
mean square longitudinal and vertical deviation from an 
initial equilibrium position. Root mean square performance 
data and numerical pilot opinion ratings were obtained. 
These data indicated significant improvement in performance 


when the flight director was being utilized. 
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TAREE SOn months 


Acceleration of gravity, ft/sec" 

Height deviation from reference position, ff. 
Vertical velocity, ft/sec. 

Aircraft mass moment of inertia about the y 
Sapa y axis , slug-ft?. 

Moment about y stability axis, ft-lbs. 

Aircraft mass, slugs. 

(emeratt pitching rates, wtadians/ sec. 

Aircraft reference velocity, ft/sec. 
Perturbation vehicle velocity along x stability 
ax PS, SCC. 

Horizontal turbulence velocity, ft/sec. 
Perturbation vehicle velocity along z stability 


aed ty SC . 


Longitudinal deviation from reference position, ft. 


Force component along x stability axis, lbs. 
Force component along z stability axis, lbs. 
(Vere. 1tch COmtrol input. dvsolacement 
edsiured in teer at wene parlors land. 
Comleeeivcp Heche COMmeLo learnt mars placement 
measured in feet at the pilot's hand. 
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The following stability derivatives are detined io: 
straight, level, unaccelerated flight in the stability axis 


coordinate system. 
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I. INTRODUCTION 


In recent years much emphasis has been placed on the 
development of vertical take-off and landing aircraft. 
iters heightened interest in the field has been brought 
about by air traffic congestion near large cities and 
by recent Navy reassessment of the role of the large 
aircraft carrier as opposed to smaller, more mobile 
aircraft carriers. Since a major advantage of VTOL 
mereraft 1S thé capacity to operate from restricted 
Spaces, it is mandatory that such aircraft be equipped 
With instrumentation that augments the human pilot to 
permit safe and reliable operation from these areas 
[Ref. 1]. One method of achieving this instrumentation 
has been to utilize electronic displays [Refs. 1, 2, 
and 3]. The purpose of this project was to evaluate the 
effect on pilot performance when a basic electronic display 


was augmented with a flight director. 
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II. METHOD OF INVESTIGATION 


A hybrid computer was utilized to simulate the longi- 
tudinal flight dynamics of a UH-1H helicopter in the hover 
mode of operation. Conventional helicopter-type controls 
were used to generate inputs to the computer. The cyclic 
Bcick provided attitude control inputs and the collective 
fomtrol provided power inputs for height control. 

The longitudinal motion of a helicopter can be depicted 


by the following equations of motion [Ref. 4]. 
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These equations incorporate the following assumptions: 


ils 


The vehicle is idealized as a rigid airframe 
TOVVMNIUG SUS. “a tide Med O oie 

The rotor is described by its tip path 
plane whose orientation determines the 
propulsive and aerodynamic forces and 
moments. 

No rotor degrees of freedom are considered 
Other than control inputs which serve to 
describe instantaneous tip path plane 
orientation. 

All coupling between longitudinal and 
lateweatemortrTon 1S Mmenored . 

Linearized small perturbation theory is 
used to describe the motion about a 


horizontal reference flight path. 


Table I lists the values for the stability derivatives 


Meo in the simulation. Elimination of those values that 


were zero and recognition of the fact that in the hover 


mode, U 
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h = -w 
The flight director law to be evaluated in this 
Simulation can be represented in transfer function form 


by the following: 
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It can be shown from the preceding representation that 
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where °B, = commanded cyclic control in feet at pilot's 
hand. 

The vehicle equations of motion were amplitude scaled 
and programmed on the analog portion of the hybrid computer. 
The hybrid computer gave real time solutions to the equa- 
tions of motion, generated the baseline and flight 
Grrecror soot re displays, and computed RMS performance 


data for each display. The horizontal turbulence, whose 


power spectrum is shown in Table II, was represented as 
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the sum of five Sine waves, shown in Table III. The ampli- 
tudes and frequencies of these sinusoids were chosen so 
that the distribution of power with frequency of the sum 

of the sine waves closely approximated that of the spectrum 


Of Table [I [Ref. 5]. 
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YII. DESCRIPTION OF APPARATUS 


A hybrid computer was utilized to (1) determine real 
time solutions to the helicopter longitudinal equations 
Of motion, (2) generate the baseline and flight director 
displays and (3) compute performance data. The hybrid 
computer consisted of a Scientific Data Systems SDS 9300 
ceeeatal computer, a Comcor CI-5000 analog computer, and an 
Adage AGT/10 graphics display. The digital computer 
controlled the analog computer and the graphics terminal. 
The digital program is listed in Appendix A. A schematic 
of the analog computer set-up is shown in Appendix B. 
Control inputs generated by the pilot were fed directly to 
the analog computer by means of gear driven potentiom- 
Siem: attached to the cyclic and collective controls, 
Figure 1 shows the physical arrangement of the helicopter 
Semenols and the cockpit display. The spring restrained 
G@yveritc stick was linear in displacement with respect to 
applied force (Fig. 2). The collective lever required 
eeeomall force of 0.5 lb. to overcome a friction lock, 


but was otherwise free to travel. 
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TV. DESC ONCE iter at 


(hey paste display subw Zed Ene mmc e 1S On. @ wel 
mo 15 Shown in Figure 5.7 Thewesymbot representing tie 
Poevrtlomeon tine nose Of the heligeprcre yr respecl tomer. 
nerizOn remained fixed in the center of the display. The 
square pad traversed vertically on the screen and served 
as a senSitive position indicator. The pad therefore 
provided information similar to that which the pilot would 
obtain by looking at the ground from the cockpit. When the 
pad was at the center of the screen and Superimposed on the 
aircraft symbol, the helicopter was positioned over the 
reference point. As the helicopter moved 25 feet forward 
and rearward with respect to the reference hovering posi- 
tion, the pad moved one inch toward the bottom and top of 
the display respectively. The height deviation indicator 
was located at the lower left of the display. It consisted 
of a horizontal bar which traveled vertically up or down 
at the rate of 50 feet deviation from reference per inch of 
Peeeplay indicator movement. This was a “fly to” device 
Since as the bar moved up, the proper response was to pull 
up on the collective control to move the bar back to the 
reference position. 

The basic display was augmented with a flight director 
indicator by entering the appropriate input data to the 


digital computer. The flight director was symbolized by 


ine 





a "T-bar'"' which grew out of the aircraft symbol in the 
center of the pad and was scaled such that one foot of 
commanded cyclic motion produced one inch of director 
movement. It was also a "fly-to'" device in that as the 

pad moved toward the top of the display, the T-bar would 
extend downward indicating that the pilot should ease 

mee aircratt nose below the horizon and fly to the pad. 
fomtne helicopter approached the reference position, the 
T-bar would gradually recede in length untcvlecie morazoneal 


feet ion of the T coincided with the aircraft symbol. 
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Vo EXPERIMENTAL PLAN 


Volunteer pilots with Navy fleet experience in 
fPewelcopters were utilized as vest Subjects £0 evaludte 
ne effectiveness of a flight director display in the hover 
Moae Of Operation of a UH-IH helicopter. All subjects had 
Been inactive with respect to flying for over a year, but 
fed previously held instrument qualifications in helicopters. 
Due to this lack of recent flight time and the unfamiliarity 
of the subjects with the simulator, it was assumed that 
each subject's performance would improve significantly as 
the number of training runs increased, until 2 steady- 

State level of performance was attained. This assumption 
peeved tO be valid, as in all cases the subject's deviation 
Prom optimum performance exhibited the characteristics of 

am e€Xponential decay function that asymptotically approached 
each subject's maximum performance level. Optimum perform- 
ance was defined to be minimum root mean square longitudinal 
pmoaene1reht deviation from the reference point. 

Prior to the beginning of each training session, all 
eeyects were informed of the task requirements, and the 
mechanics of the operation of the simulator. The pilots 
were instructed to maintain hovering position at the 
ZoreTence pole ang COMM taliieal Gltlcdo mimo tsi wane 
The reference point was the center of a pad presented on 


the cockpit display. The hovering altitude was 40 feet. 
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Additionally a visual ety esOt Wrescrreyla y Ci 10s 
was shown and thoroughly explained. 

The display used in the simulation was 6.5 inches wide 
and 7.5 inches high. A nominal eye-to-display distance 
of 30 inches was used. The physical arrangement of the 
cockpit and display are shown in Figure l. 

All test subjects were trained extensively on both the 
beseciline and flight director displays. The majority of 
meaining time for the first three subjects was spent on 
the baseline display since this proved to be the most 
ieercult tO master. Subject four, however, pertormed quite 
Pomel initially with the baseline display, but required more 
ma@mning On the flight direetor display, This was due to 
a recurrent misSinterpretation of the Pent digeeuor. 

In order to facilitate the learning process, each 
subject was informed of his RMS longitudinal and height 
Meyaation after cach run. This proved to be more bene- 
ifetat to the pilots than the actual parameters for pitch, 
pad size, and height deviation shown in Figure 3. Strip 
chart recordings of all the variables of interest were 
also made during the training sessions. This permitted 
fm monitoring of any large instantaneous control inputs 
and subsequent large variations in performance data. 

After the test subject achieved his maximum performance 
Revel, 2 tomal data session Was nNeld. = hach subJiececr com. 


Plertce telmrune Ol tne Daselime display and ten Yunsmem 
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the director display in the following manner, Five runs 
were completed with the baseline display and then five 
runs performed with the director display. <A short break 
was then taken and the above sequence was repeated. The 
subject was not informed of his performance on any run 


until the entire data session was completed. 
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VI. RESULTS AND CONCLUSIONS 


Table IV lists the root mean square performance data 
foeeall test subjects. Fipures 4 through Jl] praphicali,, 
depict the performance data obtained in both modes of 
meeration. For each subject, the mean value as indicated, 
as well as plus and minus one standard deviation. 

In each case the difference in performance between 
the flight director mode of operation and the unaugmented 
mode was substantial. All pilots showed a marked decrease 
in longitudinal and vertical excursions from the hovering 
meme rence position when utilizing the flight director 
Gescplay. RMS position errors diminished by 16 to 45% 
longitudinally, and 17 to 39% vertically. Although the 
height deviation indicator was not equipped with a flight 
director, the decrease in vertical excursions was considered 
Mmmeec Of Major significance, The purpose of the flight 
director was to decrease longitudinal excursions in the 
movering condition. This was to be accomplished by 
Peesciting the information the pilot normally collects 
by visually scanning the separate electro-mechanical 
cockpit instruments as a single cyclic control command. 
mtuitively, this would reduce the pilot's workload. The 
marked decrease in vertical deviations Was indicative of 
the reduction in workload for the pilot in controlling 


fongitudanal motion. 


Ze 





Typical, Lime Mees tOlie Some ey heey eS NO Mammon 


i XU sits h, 6 So) for both modes of operation, 


B? 
as well as the horizontal turbulence, are shown in 

Figures 12 and 13. These analog records graphically depict 
mie decrease in control inputs required to accomplish the 
task. In addition to the reduction in longitudinal and 
Mentical excursions and decrease in control inputs, Figures 
meemrougch J] show another significant effect of utilizing 

the flight director. The marked decrease in standard 
deviations observed was considered to be of major importance. 
Table V shows the pilot ratings given to each mode of 
Operation. These ratings were obtained from the revised 
Cooper-Harper Rating System shown in Table VI [Ref. 6]. 
femecan be reddily seen, the flight director system con- 
Sistently achieved a superior rating. 

Pilot comments indicated that the flight director was 
definitely an aid in achieving optimum performance, and 
perme it decreased pilot workload significantly. However, 
meme lous reported that it was difficult to perceive 
movement of the flight director when close to the center 
Of the pad. This problem could be alleviated by incor- 
poration of a variable gain feature on the director. 

In conclusion, it can be said that utilization of the 
flight director in the precision hovering task significantly 
improved pilot performance. Since one of the primary 
requirements of VITOL vehicles is the ability to operate 


from confined spaces, it is imperative that any instrumentation 


1a. 





used to achieve improved mean performance 
minimum standard deviation from that mean 
safe and reliable operation. The results 


have shown that utilization of the flight 


also provide 
in order to ensure 
One thise 6CVa tue vom 


director reswmilrca 


in improvements in both of these key parameters. 





TABLE I 


UH-1H Normalized Longitudinal Stability 


Derivatives Used in the Simulation 


X= -0.0093397 iL/ieee 
X= -0.00041791 Wise 
Xa = 19,296 ft/sec 
Z, = -0.0021356 1/sec 
Z, = 0.40395 aoe 
La = 17,5145 ft/sec 
M, = 0.00095595 Wiese 
M = -0.0014526 Wess 
M = -2,0295 iy sce 
Men = 0,0 Wy ceie 
Xe = 12.472 eee 
B 
Xs = 0.0018737 Wee. 
C 
Zz. = -0.30802 Wiese 
B 
Ze = -96.066 eee" 
C 
M, = -1.2797 1 eee 
B 
My = 0.00024129 l/ft-sec 
G : 
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Turbulence Spectrum for Hover 


20° Ls 
ts (w) = a a ft’rad/sec” 
vie 0 1 + (L,,0/U,) 
oe ey tt / Sec 
& 
Il /Uy =o. See: 
Aithough Uy = 0 and the "frozen turbulence" hypothesis 


is, strictly speaking, no longer valid, the general form 
of the turbulence spectrum above is retained. For 


example, one can consider U, = 5 £t/sec, L_ = 16.65 ft. 
| 0 u 
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TABLE If] 


Sinusoida] Turbulence Representation 


Amplitude (ft/sec) Frequency (rad/sec) 
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TABLE V 


Cooper-Harper Pilot Ratings 


SURV Eet RATING 


BASELINE DIRECTOR 


A A6 A4 
B A6 A5 
C A6 A3 


D A4 A3 
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